A large number of studies in evolutionary biology utilize phylogenetic information obtained from mitochondrial DNA. Researchers place trust in this molecule and expect it generally to be a reliable marker for addressing questions ranging from population genetics to phylogenies among distantly related lineages. Yet, regardless of the phylogenetic method and weighting treatment, individual mitochondrial genes might potentially produce misleading evolutionary inferences and hence might not constitute an adequate representation neither of the entire mitochondrial genome nor of the evolutionary history of the organisms from which they are derived. We investigated the performance of all mitochondrial protein-coding genes to recover two expected phylogenies of tetrapods and mammals. According to these tests, mitochondrial protein-coding genes can be roughly classified into three groups of good (ND4, ND5, ND2, cytb, and COI), medium (COB, COIII, NDl, and ND6), and poor (ATPase 6, ND3, ATPase 8, and ND4L) phylogenetic performers in recovering these expected trees among phylogenetically distant relatives. How general our findings are is unclear. Simple length differences and rate differences between these genes cannot account for their different phylogenetic performance. The phylogenetic performance of these mitochondrial genes might depend on various factors that play a role in determining the probability of discovering the correct phylogeny such as the density of lineage creation events in time, the phylogenetic "depth" of the question, lineage-specific rate heterogeneity, and the completeness of taxa representation.
Introduction
Traditionally, the evolutionary application of mitochondrial DNA (mtDNA) had been limited to population-level questions (reviewed in Avise 1994) . However, since the advent of the polymerase chain reaction (PCR; Saiki et al. 1988 ) and direct sequencing techniques (Kocher et al. 1989 ) the use of mtDNA as a phylogenetic marker has been extended to much greater levels of phylogenetic inclusiveness (Meyer and Wilson 1990) . The relative technical ease with which DNA sequences of mitochondrial genes can be determined through this methodology and special features of mitochondrial DNA (i.e., lack of introns, maternal inheritance, absence of recombination events, and haploidy) have made it the most common type of sequence information used to estimate phylogenies among both closely and distantly related taxa (reviewed in Meyer 1993; Avise 1994) . Deservedly, mitochondrial DNA has a reputation of being a reliable tracer of evolutionary history (Meyer 1993 (Meyer , 1994a (Meyer , 1994b Hillis, Huelsenbeck, and Cunningham 1994; Hillis, Huelsenbeck, and Swofford 1994; Edwards et al. 1995; Moore 1995) .
In conducting molecular phylogenetic studies with emphasis more on investigating evolutionary relationships among species and less on the evolution of the sequenced genes itself, a trade-off is exercised at the moment when a particular gene is chosen over an alternative one. In many recent phylogenetic studies, DNA fragments of 300-600 base pairs from a single gene or from a small number of genes are routinely amplified and sequenced from different species in order to infer their evolutionary relationships (Kocher et al. 1989) . Consideration in these studies aims to maximize the amount of phylogenetic information per unit effort of sequencing, and tests have been conducted to predict how many nucleotides need to be determined without sacrificing phylogenetic information (e.g., Tajima 1991; Rheztsky and Nei 1994; Cummings, Otto, and Wakeley 1995; Martin et al. 1995) . Most studies assume that the information derived from partial mitochondrial data sets is representative of the entire history of both the molecule and the organism from which it is derived. Recently, however, doubts were raised as to whether all mitochondrial genes are equally appropriate for all evolutionary questions and whether individual mitochondrial genes are representative of the entire mitochondrial genome (e.g., Cao et al. 1994; Graybeal 1994; Meyer 1994b; Cummings, Otto, and Wakeley 1995) .
We recently determined the complete mitochondrial DNA (mtDNA) sequence of the African lungfish (Zardoya and Meyer 1996) . Two data sets, one comprising all mitochondrial tRNA genes and the other combining all mitochondrial protein-coding genes were subjected to phylogenetic analyses using maximum-likelihood (ML), neighbor-joining (NJ), and maximum-parsimony (MP). The resulting identical trees confirmed, with strong statistical confidence, the crucial phylogenetic proximity of lungfish to tetrapods (Zardoya and Meyer 1996) (fig. la) . Surprisingly, however, this well-established topology for tetrapod relationships is not always recovered by the same phylogenetic methods with individual mitochondrial protein-coding gene sequences. This might suggest that, regardless of phylogenetic method (Hillis, Huelsenbeck, and Cunningham 1994; Hillis, Huelsenbeck, and Swofford 1994; Edwards et al. 1995) and exclusion treatment (Milinkovitch, Orti, and Meyer 1995) , individual mitochondrial genes might potentially produce misleading evolutionary inferences and might not constitute an adequate representation of the 933 First publ. in: Molecular Biology and Evolution 13 (1996), 7, pp. 933-942 Konstanzer la ). For population-level questions it probably is less important which protein-coding gene is sequenced since most of the variation is likely to be derived from variation at third codon positions and there these genes will have quite comparable rates of evolution.
To address why particular mitochondrial proteincoding genes can fail to recover the expected phylogenetic tree and, consequently, to evaluate and to delimit the phylogenetic utility of each mitochondrial protein gene, we have analyzed their phylogenetic performance in two different time frames: (1) that among major tetrapod lineages (divergences of >300 MYA) and (2) that among major mammalian groups (divergences of 5-100 MYA).
Materials and Methods
Data Sets Tzeng et al. 1992) ; African lungfish, Protopterus dolloi (L42813; Zardoya and Meyer 1996) ; clawed frog, Xenopus laevis (M10217; Roe et al. 1985) ; chicken, Gallus gallus (X52392; Desjardins and Morais 1990) ; opossum, Didelphis virginiana (229573; Janke et al. 1994) ; rat, Rattus norvergicus (X14848; Gadaleta et al. 1989 ); mouse, Mus musculus (JO1420; Bibb et al. 1981) ; grey seal, Hulichoerus grypus (X72004; Arnason et al. 1993 ); harbor seal, Phoca vitulina (X63726; Arnason and Johnsson 1992) ; horse, Equus caballus (X79547; Xu and Arnason 1994); cow, Bos taurus (VO0654; Anderson et al. 1982) ; blue whale, Balaenoptera musculus (X72204; Arnason and Gullberg 1993) ; fin whale, Balaenoptera physalus (X61 145; Arnason, Gullberg, and Widegren 199 1); orangutan, Pongo pygmaeus (D38 115; Horai et al. 1995) ; gorilla, Gorilla gorilla (D38114; Horai et al. 1995) ; chimpanzee, Pun troglodytes (D38113; Horai et al. 1995) ; human, Homo sapiens (501415; Anderson et al. 1981 ).
The two data sets analyzed in this study comprise the following I9 complete vertebrate mitochondrial DNA genomes ( fig. 1 ): trout, Oncorhynchus mykiss (L2977 1; Zardoya, Garrido-Pertierra, and Bautista 1995); carp, Cyprinus carpio (X61010; Chang, Huang, and Lo 1994) ; loach, Crossostoma lacustre (M91245; Phylogenetic Analyses DNA sequences were aligned using PILEUP (Devereux, Haeberli, and Smithies 1984) and CLUSTAL W (Thompson, Higgins, and Gibson 1994), followed by refinement by eye based on the corresponding deduced amino acid sequences. Gaps resulting from the align- ment were treated as missing data. Ambiguous alignments, mainly at 5' and 3' ends of the protein-coding genes, were excluded from the phylogenetic analyses.
Overlapping positions (two open reading frames) in several genes (ATPase8/ATPase6, ND4L/ND4, ND5/ND6) were duplicated in the analyses. All 13 protein-coding genes combined and each one separately were subjected to the MP method (PAUP version 3.1.1.) Swofford 1993) using heuristic searches (TBR branch swapping; MULPARS option in effect) with simple stepwise addition of taxa to find the most parsimonious tree. Transitions and transversions were given equal weight (for exceptions see below). When two or more parsimonious trees were produced, a 50% majority-rule consensus tree was constructed. ML (default model of DNAML in PHYLIP, where transversions are given double the weight of transitions and empirical base frequencies are used) and NJ (Saitou and Nei 1987) (based on Kimura distance matrices) analyses of the sequences were performed with PHYLIP (version 3.5) (Felsenstein 1989) . Analyses with all phylogenetic methods were also performed, entirely excluding third codon positions in each gene. A third set of MP analyses were performed in which only third-codon-position transitions were excluded. Robustness of the phylogenetic results was tested by bootstrap analyses (Felsenstein 1985) (as implemented in PAUP and PHYLIP with 100 replications each).
Statistical Methods
The statistical confidence of the resulting best trees of each ML analysis with respect to alternative hypotheses was evaluated by calculating the standard deviation of the difference in log-likelihoods between the resulting best tree and the expected alternative hypotheses using the formula of Kishino and Hasegawa (1989) as implemented in the MOLPHY program (Adachi and Hasegawa 1992) . If standard deviations where less than 1.96 times the difference in log-likelihoods between two competing phylogenetic hypotheses then the two phylogenies were judged to differ significantly. Similarly, for MP analyses statistical confidence was assessed by calculating the standard deviation of the difference in number of steps between the resulting most parsimonious tree and the expected alternative tree using the
Table 1 Extended
Performance of Mitochondrial Protein-Coding Genes 935 method of Templeton (1983) as implemented in PHY-LIP (table 1) . In this case, competing trees were declared significantly different when standard deviations were found to be less than 1.96 the difference in number of steps (Felsenstein 1989) .
Results and Discussion
Combined Protein Genes Analyses
The combined data set of all mitochondrial protein genes yielded, with all three commonly used methods of phylogenetic inference (ML, NJ, and MP), identical and strongly bootstrap-supported trees that recovered the expected (according to morphological, paleontological, and other molecular evidence) tetrapod relationships ( fig. 1A ). Identical trees were recovered by all three phylogenetic methods when only first and second positions were analyzed or by MP when only transversions in third positions were considered.
However, for the corresponding mammalian data set only MP arrived at the expected (according to Janke et al. 1994; Horai et al. 1995; Krettek, Gullberg, and Arnason 1995) topology ( fig. 1B ). With both NJ and ML methods the horse was identified as sister group of seals and not, as expected, of artiodactyls+cetaceans. The same phylogenetic relationships ( fig. 1B) were obtained when third codon positions were excluded from the analyses (with all phylogenetic methods) or transitions in third codon positions were not considered (this treatment was only conducted for MP). The NJ method supported a (horse+seals) grouping with 89% bootstrap support ( fig. 1B ). It would appear that artiodac-tyl+cetacean, perisodactyl, and carnivore relationships are still somewhat unclear (e.g., Cao et al. 1994; Krettek, Gullberg, and Arnason 1995) and that differences between the different phylogenetic methods used are indicative of the uncertainty in these relationships and possibly due to the fast, hard-to-resolve origin of these lineages. For the investigation of the performance of individual mitochondrial protein-coding genes with the NJ method the (seal+horse) grouping was used as the null hypothesis against which we tested their performance.
Performance of Individual Genes
The same two sets of phylogenetic analyses as above were performed on both data sets with all 13 mi- tochondrial protein-coding genes individually. Of these, only ND4, ND2, and ND5 (and not even with all phylogenetic methods) were able to recover the expected topologies for tetrapods and mammals (table 1). In some cases, the unexpected topologies from some genes (mainly ND3, ND4L, and ATPase 6) were incorrectly supported by relatively high bootstrap values (table 2) that would typically be interpreted as strong support by the data for a particular hypothesis (Hillis and Bull 1993) . Several of the individual genes support the (horsefseals) grouping more strongly than the "expected" (horse(artiodactyl+cetacean)) grouping (table  2) . Some of these "spurious" results may not be all that surprising since it has been demonstrated that wrong groupings can be recovered if the time interval separating relevant branchings is short (Cao et al. 1994) . In some cases, particular clades (i.e., [lungfishfmammals], [marsupial+whales], see table 2) were repeatedly grouped, suggesting specific biases in those lineages.
High bootstrap values for these incorrect groupings were observed more often in NJ than in MP tests (table 2) . These results may indicate that using resampling methods such as bootstrapping with a purely algorithmic method such as NJ rather than one with an underlying optimality criterion is inappropriate. This is because any incorrect bias that might systematically mislead the algorithm will, with high bootstrap values for incorrect groupings, falsely indicate robustness of the nodes and statistical confidence of the resulting tree (but see Russo, Takezaki, and Nei 1996) .
To further evaluate the phylogenetic utility of single mitochondrial protein genes and to investigate potential causes for their phylogenetic failure, the statistical support of the best tree yielded by each gene against the expected tree was estimated. This was done by calculating the standard errors of the differences in loglikelihoods (Kishino and Hasegawa 1989) and in the number of steps (Templeton 1983 ) between the most likely or most parsimonious tree and the expected tree, respectively (table 1) . Both tests yielded largely congruent results, indicating that all single mitochondrial genes with the exception of ATPase6, ND3, and ND4L equally strongly supported the expected and the recovered tetrapod tree (table 1) . Similarly, according to both tests, all genes except CO1 and ND1 (when third positions were excluded from the analyses) did not statistically differ in their support for the recovered and the expected ("best") mammal tree (table 1) . Hence, most mitochondrial protein-coding genes had the potential to recover the expected tree since the recovered trees were not significantly different from the expected tree. Nevertheless, most individual genes consistently failed to arrive at the exact expected branching order of both the tetrapod and mammal relationships ( fig. 1 and table 1) .
In order to test whether the superior performance of some genes was simply due to their lengths and hence a larger number of phylogenetically informative sites (Stewart 1993; Cummings, Otto, and Wakeley 1995) , the differences in log-likelihoods (Kishino and Hasegawa 1989 ) and numbers of steps (Templeton 1983) were standardized for the length of each gene by dividing those values by the number of nucleotides in each gene (fig. 2) . The results indicated that the performance of single genes was not simply related to their size but some genes seem to be consistently more reliable tracers of evolutionary history than others ( fig. 2) . Mitochondrial protein-coding genes might be roughly classified into three groups of relatively good (ND4, ND5, ND2, cytb, and COI), medium (COIL COIII, ND 1, and ND6), and poor (ATPase 6, ND3, ATPase 8, and ND4L) phylogenetic performers in recovering the expected trees from this study ( fig. 2 ). This generalization seems to hold more strongly for the tetrapod than for the mammalian test data set (table 1 and fig. 2 ). The chances of recovering the expected tree using the first and second categories of genes for the posed phylogenetic problems are higher when third codon positions are completely excluded from the analyses (table 1 and fig. 2 ). However, it should be noted that cytochrome oxidase genes, due to their highly conserved amino acid sequence, have a poor performance in recovering the mammalian phylogeny if third positions are excluded (Cao et al. 1994) . Somewhat unexpectedly, the performance of genes of the third category is improved when all positions are included in the analyses (table 1 and fig. 2 ).
The ability of mitochondrial genes to infer phylogenetic relationships can be challenged when their rates of evolution differ among lineages, particularly with MP and less so with ML (Adachi and Hasegawa 1995) . To address to what extent phylogenetic performance of different genes is related to their particular rates of evolution, we calculated sequence divergences (from Kimura two-parameter distance matrices) for each individual gene among the taxa studied. Divergence times for the taxa analyzed were inferred using information from the fossil record summarized in Benton (1990) , and estimates calculated from mitochondrial data by (fig. 3) . (Kishino and Hasegawa 1989) and number of steps (Templeton 1983 ) between the most likely or most parsimonious tree and the recovered tree, respectively, were standardized for the length of each gene. The standardized values estimated for the tetrapod and mammalian data sets (both when all positions and when only first and second positions were included in the analyses) were sorted providing a ranking for the performance and utility of the mitochondrial genes assayed.
For all mitochondrial genes, both considering all (Meyer 1993 (Meyer , 1994~2, 1994b Graybeal 1994) and is, positions or excluding third positions, sequence diveramong other factors, related to functional constraints gence increases linearly until a plateau is reached around a 100 MYA (data not shown) due to the effect of mul-acting on the gene product (Degli Esposti et al. 1993) . . 3 ). By this transformation, data points can be easily fitted by a generalized least-squares regression model and slopes for each gene can be calculated ( fig. 3 ). However, because of obvious concerns about the nonindependence of the data points (obtained from related taxa), parameter estimates and tests of significance derived from these regressions need to interpreted with caution (e.g., Graybeal 1994). Rates of evolution vary considerably between these genes (table 3) . In the faster-evolving genes (e.g., ND4L and ATPase 8) the divergence slopes seem to cross earlier, indicating that first and second codon positions, which result in amino acid differences, evolve rather quickly compared to the more conservative genes (e.g., cytochrome oxidase subunits and cytochrome b) which show overall much slower rates of evolution at the amino acid level and, hence, in first and second codon positions (table 3 and fig. 3 ). However, simple rates of evolution would not appear to be a good predictor of the phylogenetic performance of individual mitochondrial protein-coding genes although, generally speaking, the genes of intermediate rates might be of better phylogenetic utility for the questions at hand (figs. 2, 3, and 4). There is no strong correlation between the performance of a particular gene and its slope or intercept (figs. 2, 3, 4, table 3) . The difference in performance of genes in recovering the expected vertebrate trees seems to be not strongly dependent on their rate of evolution and concomitant saturation processes, but other factors might play a role as well in predicting the phylogenetic utility of these genes for these questions (e.g., Naylor, Collins, and Brown 1995) .
The number of phylogenetically informative sites in individual genes is a predictor of the closeness of the recovered to the expected topology ( fig. 5 ). The larger the number of phylogenetically informative sites the closer the recovered phylogeny will be to the expected topology. Third codon positions for both mitochondrial and nuclear genes (Cummings, Otto, and Wakeley 1995; . 2 ) was plotted against the number bf parsimony-informative sit& of each gene. Orti and Meyer 1996) , despite obvious potential saturation problems (Cao et al. 1994) , often contain phylogenetic information, even among distantly related species (e.g., table 1). It is therefore probably unjustified to exclude third codon positions altogether particularly in ML approaches (Cummings, Otto, and Wakeley 1995) .
Recently, Cummings, Otto, and Wakeley (1995) conducted a performance analysis of mitochondrial genes. Similar to our findings, they also concluded that single genes do not always recover the expected vertebrate phylogeny, but that they might come close to the "correct" topology. In their analysis they suggested that only a large number (on the order of 2 kb) of nucleotides is able to recover the expected tree. They suggested that individual genes are potentially relatively poor samples of the entire mitochondrial genome and that nucleotides from random samples of the entire mitochondrial genome perform better than continuous nucleotide sequences. Cummings, Otto, and Wakeley (1995) pointed out that DNA sequences inevitably run the danger that neighboring nucleotides do not evolve independently and that, hence, a random sample of nucleotides might provide a better phylogenetic signal than individual genes. These potential drawbacks in terms of nonindependence of individual genes might, however, be outweighed by technical and analytical considerations that would favor a sequencing approach of continuous portions of mitochondrial genes or even entire genes. One additional advantage of sequencing entire genes is that one can thereby study the evolution of the gene itself as well. Importantly, DNA sequences permit the establishment of parameters that shaped the evolution of that gene (e.g., base composition, codon bias, functional constraints on the gene product that feed back to the DNA level, etc.) which might be incorporated into ML models. These detailed ML models will allow for more accurate phylogeny reconstruction. Specific recommendations of which gene to sequence are hence constructive; however, the generality of our recommendations for other phylogenetic questions and taxa is unclear (e.g., if
Performance of Mitochondrial Protein-Coding Genes 941 lamprey is used as outgroup in the analyses, none of the methods, even with all mitochondrial genes combined, is able to recover the expected tree; see Zardoya and Meyer 1996) .
After this manuscript was submitted, Russo, Takezaki, and Nei (1996) reported a study related to ours. In their work, the relative efficiencies of different mitochondrial genes and different tree-building methods (MP, NJ, ML, and minimum evolution) in recovering a known vertebrate phylogeny were evaluated. Their results are basically congruent to ours, emphasizing the importance of using large data sets in constructing phylogenetic trees among lineages that are quite distantly related, and stressing that protein rather than nucleotide sequences recover the expected topology more reliably. Similar to our study, they reported the good performance of ND4, ND5, and cytb genes and the poor phylogenetic utility of the ND4L gene. However, in contrast to our findings, they report that NJ seems to perform as well as computationally more intensive methods such as MP or ML. In contrast, our analyses seem to indicate that NJ might incorrectly recover phylogenies when problematic (in terms of heterogeneity of rates of substitution, compositional bias, or taxonomic position) taxa such as the lungfish or the horse are included in phylogenetic analyses of vertebrate relationships.
The analyses reported here raise doubts about the current practice of most studies in molecular systematics that routinely sample relatively short mtDNA sequences to infer phylogeny among lineages of medium (80-300 MYA) or old age (>300 MYA). It might be not without problems to assume that such DNA sequences are representative of the corresponding species' or gene tree's history. However, in most instances the trees recovered by individual mitochondrial protein-coding genes are not statistically distinguishable from the expected trees. Many different considerations factor into the performance of particular genes that continue to make it difficult to predict their utility for particular evolutionary questions. In agreement with previous work (Cao et al. 1994; Cummings, Otto, and Wakeley 1995; Russo, Takezaki, and Nei 1996) , our analyses indicate the need for sampling larger sequence data sets from more than one mitochondrial gene (also including nuclear genes). It is likely that the use of combinations of genes with better performance behavior, whether analyzed separately or in a combined approach under currently available methods of phylogenetic inference, will lead to increased accuracy in phylogenetic reconstruction.
